The synthesis of 5-aminolevulinic acid (ALA) determines adequate amounts of metabolites for the tetrapyrrole biosynthetic pathway. Glutamyl-tRNA reductase (GluTR) catalyzes the rate-limiting step of ALA synthesis and was previously considered to be exclusively localized in the chloroplast stroma of light-exposed plants. To assess the intraplastidic localization of GluTR, we developed a fast separation protocol of soluble and membrane-bound proteins and reassessed the subplastidal allocation of GluTR in stroma and membrane fractions of Arabidopsis plants grown under different light regimes as well as during de-etiolation and dark incubations. Under the examined conditions, the amount of stroma-localized GluTR correlated with the ALA synthesis rate. The transfer to dark repression of ALA synthesis resulted in a loss of soluble GluTR. Arabidopsis mutants lacking one of the GluTR-interacting factors FLUORESCENT (FLU), the GluTR-binding protein (GBP) or ClpC, a chaperone of the Clp protease system, were applied to examine the amount of GluTR and its distribution to the stroma or membrane in darkness and light. Taking into consideration the different compartmental allocation of GluTR, its stability and ALA synthesis rates, the post-translational impact of these regulatory factors on GluTR activity and plastidic sublocalization is discussed.
Introduction
The synthesis of 5-aminolevulinic acid (ALA) determines the accurate amount of precursors for the formation of the tetrapyrrole end-products Chl and heme (Beale 1999) . Two enzymes convert activated glutamate into ALA, glutamyl-tRNA reductase (GluTR) and glutamate 1-semialdehyde aminotransferase (GSAT). GluTR catalyzes the reduction of activated glutamate to glutamate 1-semialdehyde (GSA) (Kannangara et al. 1988 , McCormac et al. 2001 ). Subsequently, GSAT transaminates GSA to ALA by exchanging the amino group at C1 (Grimm 1990 ). In Arabidopsis thaliana, three HEMA genes encode GluTR and are basically responsible for an adequate tissue-specific and developmental-dependent accumulation of GluTR. HEMA1 is the predominant light-inducible gene and strongly controlled by the two photoreceptors phytochrome and cryptochrome, as well as other endogenous and exogenous factors, such as phytohormones, the endogenous clock or temperature (Ilag et al. 1994 , Bougri and Grimm 1996 , Tanaka et al. 1996 . HEMA2 has a low constitutive expression and HEMA3 is proposed to be a pseudo gene. The GSAT-encoding genes of Arabidopsis are also light induced. However, it is assumed that expression and activity of GluTR contribute to the rate-limiting synthesis of ALA synthesis (McCormac et al. 2001) .
Consistent with the nature of the metabolites of ALA synthesis, GluTR and GSAT were proposed to be located in the soluble part of chloroplasts. In previous reports, GluTR and GSAT activity was purified from soluble protein extracts of chloroplasts . Thus, ALA-synthesizing activity was entirely attributed to the stromal fraction of chloroplast proteins. However, it is questionable whether a time-consuming preparation of purified plastids and their subsequent separation into stroma and membrane fractions allows a realistic view of the subcompartmental distribution of plastidlocalized proteins. Using anti-GluTR antibody, Czarnecki et al. (2011a) reported GluTR in the membrane and stroma fraction. More recently, Wang et al. (2016) assigned GluTR entirely and GSAT partially, as well as other tetrapyrrole biosynthesis (TBS) enzymes to the thylakoid membranes. Owing to these findings, the assignment of the subplastidic localization of GluTR during light-dark growth and throughout plant development from greening seedlings to senescent plants deserves further elaborated studies.
At present, the allocation of GluTR to different macromolecular complexes as well as its localization within chloroplasts remains still open. However, it is likely that the enzymatic activity and stability of GluTR depend on its subplastidic localization and the interaction with other proteins. To date, two main GluTR-interacting factors have been reported. The membranebound negative regulator FLUORESCENT (FLU) binds to the C-terminal part of GluTR with its tetratricopeptide repeat (TPR) domain (Meskauskiene et al. 2001) . FLU-GluTR interaction has been shown to correlate with inactivation of ALA synthesis. FLU deficiency in photoperiodically grown flu mutant seedlings rapidly leads to leaf necrosis (Meskauskiene et al. 2001) . This cell death is explained by an accumulation of protochlorophyllide (Pchlide) during the dark period causing generation of singlet oxygen by photooxidation upon light exposure. (Spikes and Bommer 1991 , Hideg et al. 1998 , Meskauskiene and Apel 2002 . These observations illustrate the basic necessity of a down-regulation of GluTR activity in dark-grown plants. However, deduced from the comparative growth of flu and wild-type Arabidopsis plants under continuous light and analysis of their ALA synthesis rates, regulatory effects of FLU during light exposure were not excluded (Goslings et al. 2004) .
The GluTR-binding protein (GBP) tightly interacts with GluTR (Czarnecki et al. 2011a ). The gbp mutant phenotype is less striking, but is characterized by a lower heme content and an impact on the photosynthetic electron transport through Cyt b 6 f, so that an adequate coverage of ALA synthesis for heme synthesis was attributed to GBP-GluTR interaction (Jung et al. 2010 , Czarnecki et al. 2011a , Zhao et al. 2014 , Fang et al. 2016 . Apart from these two interacting proteins, GluTR was found to be a target of the Clp protease system and to interact with the selector proteins ClpS and ClpF as well as with the chaperone ClpC van Wijk 2015, Apitz et al. 2016) . Both GBP and the Clp protease subunits interact with GluTR within a 30 amino acid residue long N-terminal domain, the hemebinding domain (HBD). A truncated GluTR variant lacking the N-terminal 30 amino acid residues (designated GluTRÁHBD) did not interact with the Clp subunits and GBP. However, the hema1 mutants complemented with GluTRÁHBD displayed wild-type-like Chl and heme levels (Apitz et al. 2016) .
As a continuation of the studies on GluTR interactions with other proteins, it is intended to correlate the amount and suborganellar localization of GluTR with the presence of their interaction partners as well as with the ALA synthesis rate. Here we present investigations on the allocation of GluTR to stroma and membrane fractions of chloroplasts. We made use of a fast separation protocol with the intention to better reflect/reproduce the in planta suborganellar distribution of the proteins involved in ALA synthesis. This approach facilitates a view on the dynamics of GluTR allocation in chloroplasts which was impossible to achieve by employing rather time-consuming plastid isolation protocols. We propose a tight control of the spatial allocation of GluTR within the chloroplasts in response to changing demands of ALA during the daily photoperiodic growth and plant development. It is expected that once we understand the regulatory mechanism which directs GluTR to different subplastidic localizations, it will be more predictable how TBS instantaneously responds to changing and adverse environmental conditions.
Results

ALA synthesis during different growth conditions
With recently generated specific antibodies against Arabidopsis GluTR1 (Apitz et al. 2016) , we determined the relative distribution of the protein in stroma and membrane fractions during growth under different light regimes and intensities. Samples were harvested from seedlings cultivated under short-day (SD; 10 h light/14 h dark), long-day (LD; 14 h light/10 h dark) and continuous light (CL, at 120 mmol photons m -2 s -1 ) conditions. SD plants were grown under low, normal and high light (LL, NL and HL, here defined as 10, 120 and 300 mmol photons m -2 s -1 , respectively). Protein extracts of a soluble and membrane fraction of 2-week-old seedlings were obtained with a fast direct separation protocol (details given in the Materials and Methods) and the content of proteins involved in ALA synthesis was compared. This approach revealed that a substantial portion of GluTR was associated with the membrane of LLand NL-exposed SD samples. During photoperiodic growth, the GluTR content in the stromal fraction increased with SD light intensity. At NL, the stromal GluTR content altered inversely with the length of the light period, while its membranebound proportion increased ( Fig. 1A ; quantification in Supplementary Fig. S1A ).
LL seedlings also accumulated less GSAT in comparison with those exposed to other light conditions (Fig. 1A) . In contrast to the changing accumulation of GluTR in the stroma and membrane fraction, GSAT was exclusively found in the stroma fraction. Since GluTR and GSAT represent two adjacent enzymatic steps, it is suggested that GluTR and GSAT exert a transient and weak interaction in the stroma, although interaction of both plant proteins has never been shown (Lüer et al. 2005) . Hence, the catalytically active GluTR is most probably not equally represented in the thylakoid membrane and stroma fractions.
FLU accumulated exclusively in the membrane fraction. Its content was not significantly modified in plants exposed to the different conditions. FLU accumulated to a similar level under CL and under photoperiodic growth. This observation would be consistent with a potential role for FLU even during light exposure as already previously suggested (Goslings et al. 2004) . GBP was found in stroma as well as in the membrane fraction with a tendency towards a higher content in the stroma relative to the membrane fraction during LL and CL conditions (Fig. 1A) .
Leaves from seedlings of the same age which grew under different growth conditions were used to determine in vivo ALA synthesis capacity (Fig. 1B) . The significance of the results is limited due to a variation in the ALA synthesis rate of the leaf material used. However, a gradually increasing ALA-synthesizing capacity was determined in SD seedlings with increasing light intensity. The cumulative ALA synthesis rate of the NL and HL-SD samples correlated with increasing GluTR content in the stromal fraction in comparison with LL conditions. The ALA synthesis rate of LD and CL plants was similar compared with NL-SD seedlings, but tended to be lower compared with HL-exposed seedlings. Moreover, LD and CL plants contained less soluble GluTR in comparison with NL-SD seedlings. In conclusion, it is proposed that ALA synthesis rates of seedlings grown under the same photoperiodic conditions coincided with the amounts of stromal GluTR.
Taking into account this correlation, we compared the distribution of GluTR of 3-week-old leaves during a light-dark period and harvested samples at different time points. It turned out that the stromal portion of GluTR transiently increased during day time, while the membrane-associated GluTR content remained stable during the analyzed time frame (Fig. 1C) . Following the dynamic accumulation of the soluble GluTR proportion during daily illumination, it is apparent that the strongest accumulation of stromal GluTR correlated with the expected maximum of photosynthesis at around noon (Kruse et al. 1997) .
Distribution of GluTR during the daily illumination period and seedling development
GluTR allocation within the chloroplasts was determined during a 40 d development of SD-grown plants as well as under CL ( Fig. 2A) . Equal aliquots of the total fresh weight were loaded from the membrane and stroma portions and revealed that the stromal GluTR content reached a maximum at day 14 during SD and CL conditions, before it visibly decreased at day 40. Maximum membrane-bound GluTR was found at day 28 during SDs and at days 14 and 28 under CL. Under SD cycles, GluTR accumulated more in the membrane fraction than in the stroma at days 3 and 7 after germination. At day 14, GluTR was found to be equally distributed between the membrane and soluble fractions, while the GluTR content was again lower in the soluble fraction during further development ( Fig. 2A) . With the exception of day 40, GluTR accumulated in membrane and stroma to similar amounts under CL conditions ( Fig. 2A) . The development-dependent distribution of GluTR in Arabidopsis seedlings also resembled the age-dependent GluTR content in 4-week-old SD plants, when young and old leaves were assayed for GluTR content in the soluble and membrane fractions ( Supplementary Fig. S2 ).
The ALA synthesis rate was at a maximum in leaves of young developing CL-and SD-grown seedlings (at days 7 and 14) in comparison with leaves of later developmental stages (Fig. 2B) . Using the representative developmental course of GluTR in stroma and membrane of Fig. 2A , the development-dependent kinetics of ALA synthesis rates marginally correlated with the soluble GluTR content under both light conditions ( Supplementary Fig. S1B ). Apart from these observations we bear in mind that CL and SD plants grew under the same light intensities and, hence, received different light quantities within a 24 h time course.
We determined the subplastidic localization of GluTR during greening of 7-day-old etiolated seedlings. Dark-grown seedlings contained significant quantities of GluTR, which were preferentially associated with the membrane. Within the first 3 and 12 h after the beginning of illumination, the membrane-bound part of GluTR increased observably (Fig. 3A) . The stromal GluTR fraction accumulated immediately to constantly increasing amounts within the first hours of light exposure. The different extent of the accelerating amounts of GluTR in both the stroma and membrane fraction is indicated in Supplementary Fig. S1C ). In contrast, nearly invariant levels of conditions. SD plants were exposed to low light (LL, 10 mE), normal light (NL, 120 mE) or high light (HL, 300 mE). Lanes S and M indicate the distribution of GluTR, GSAT, GBP, FLU and RBCL in the soluble and membrane-bound fraction, respectively. S and M lanes always represent identical amounts of leaf material based on fresh weight. RBCL: PonceauS stain of the large subunit of RuBisCo. (B) Corresponding ALAsynthesizing capacities (ASCs) from leaves of 2-week-old seedlings. Data are given as means ± SD (n = 4). (C) Immunodetection of GluTR and GSAT in total protein extracts (T) as well as in membrane (M) and soluble (S) fractions at different time points of the photoperiod. Plants were cultivated for 3 weeks under SD and NL conditions. + and -indicate the hours after the beginning of illumination (+) and darkness (-). T, S and M represent equal amounts of leaf material.
GSAT and FLU were observed during 2 d greening in the stroma and membrane fractions, respectively. For GBP, the content in the stromal fraction was enhanced during the first hours of greening while the membrane-associated portion increased more steadily (Fig. 3A) .
Chl became spectroscopically detectable after 3 h of light exposure, and accumulated almost linearly during the first 48 h of illumination (Fig. 3B) . In particular, for the first hours of de-etiolation, the increasing portion of the soluble GluTR correlated with increasing Chl accumulation. During the first hours of de-etiolation of seedlings, the low values of the ALA synthesis rate could not be determined with the established methods. However, it is likely that the cumulating soluble GluTR amount reflects an increasing ALA synthesis rate. 
Distribution of GluTR following dark exposure
The GluTR content in the soluble and membrane-associated fractions was then analyzed in CL-grown 14-day-old seedlings during a 48 h dark period. A rapidly decreased content of soluble GluTR was observed in wild-type seedlings (Col in Fig. 4A and Supplementary Fig. S1D ) within the first 3 h in darkness (Fig. 4B) and, subsequently, it remained stable until 24 h of dark exposure. In contrast, the portion of membrane-associated GluTR dropped only weakly in the first 12 h of darkness. A clear decrease of membrane-bound GluTR was observed in samples, which clearly exceeded a normal night phase (i.e. 24 and 48 h in Fig. 4A ).
The GluTR content was also investigated in 7-day-old flu seedlings grown under continuous NL exposure (until t 0 in Fig. 4A ). The vast majority of GluTR accumulated in the stroma, indicating FLU to be responsible for anchoring the vast majority of membrane-attached GluTR molecules. Similar to the wild type, the stromal GluTR content in flu seedlings was drastically diminished within the first hours of dark incubation ( Fig. 4B; Supplementary Fig. S1D ). The small residual amount of membrane-bound GluTR detected in lightgrown flu mutants also decreased further in the first 3 h of dark exposure and remained at a low detectable level. It is concluded that GluTR breakdown predominantly occurs in the stroma. FLU interaction with GluTR at the thylakoid membranes is proposed to contribute also to protection of GluTR against its stromal proteolytic degradation. FLU deficiency accelerates the dark-dependent GluTR degradation. A decrease of the GluTR content in the wild-type membrane fraction indicates that the potential GluTR-FLU interaction at the membrane does not entirely protect GluTR against proteolysis, and the membrane-bound GluTR becomes accessible to proteolysis when other membrane-associated GluTR-binding partner(s) are degraded.
The elevated ALA-synthesizing capacity of flu in comparison with wild-type seedlings in light (Goslings et al. 2004) ], respectively, correlated with the amount of soluble GluTR (Fig. 4A) . This interdependency between FLU deficiency, GluTR localization and ALA synthesis rate is also illustrated by the time-dependent Pchlide accumulation in flu during 24 h of dark incubation as seen in a representative experiment in Fig. 4B . The elevated amounts of stromal GluTR in flu resulted in a stronger increase of Pchlide within the first 3 h of darkness. However, a further substantial increase of Pchlide content was observed even after 12 h of darkness, agreeing with higher residual amounts of soluble GluTR in flu at this time point (Fig. 4A) .
Furthermore, we compared the course of Pchlide accumulation during darkness in wild-type plants cultivated under LL, NL and HL-SD conditions. Within <3 h, the Pchlide accumulation reached almost its maximum, confirming that suppression of ALA synthesis always occurs rapidly in the first hours of darkness (Stobart and Ameen-Bukhari 1986, Richter et al. 2010) . In a representative sample, the kinetics of Pchlide accumulation and its maximal content positively correlated with the light intensities to which plants were exposed prior to dark incubation (Fig. 4C) and, hence, with the amounts of stroma-localized GluTR (Fig. 1A) . Immunoblot analyses also revealed increased protochlorophyllide oxidoreductase (POR) contents in light (t 0 ) as well as in dark samples (24 h) of HL-treated seedlings relative to NL and LL conditions (Fig. 4D) . As POR is more stable in darkness than GluTR (Apitz et al. 2016) , it is apparent that both highly regulated proteins experience different modes of post-translational control, including protein degradation. Comparing the contents of GluTR before and after the transition from light to darkness with the ALA synthesis rates under these conditions and the levels of accumulating Pchlide, it is apparent that increasing light intensities stimulate the metabolic flow in TBS. It is likely that the elevated level of PChlide in dark-incubated seedlings prior to HL exposure is also mainly bound to POR (time point 0 in Fig. 4D) . Independent of the former light intensity, ALA synthesis was almost completely repressed after 90-180 min of darkness, as illustrated by a lack of further accumulation of PChlide. Hence, the final content of PChlide in darkness correlated with light-dependent ALA synthesis as well as with the POR content.
GluTR content and distribution in different mutants
GluTR interacts with several proteins modulating its activity and stability. Fig. 5 contains immunoblots of proteins involved in ALA synthesis of wild-type and mutant seedlings. The mutants are compromised in the synthesis of proteins, which have an impact on the GluTR stability. We compared the distribution of GluTR in the wild type with that in gbp and clpC1 mutants as well as with a transgenic line expressing a GluTR variant lacking the HBD (Fig. 5) .
The plants were cultivated under SD conditions. GluTR predominantly accumulated in the membrane fraction of wildtype plants. GBP deficiency did not cause a change in the subplastidic distribution of GluTR (Fig. 5A) . The line ÁHBD expressing the N-terminally truncated GluTR was previously described to overaccumulate GluTR due to an increased stability of the modified enzyme (Fig. 5A) . The two immune-reacting bands reflect the precursor (slow-migrating band) and mature forms of the truncated GluTR, respectively. The N-terminal deletion was reported to perturb the proteolytic cleavage of the transit peptide (Apitz et al. 2016) . Moreover, different mobilities in the lanes of SDS gels of the mature GluTRÁHBD in the stroma and membrane fraction are explained by co-migration effects of the large subunit of RuBisCO in the stromal fraction (Apitz et al. 2016) . The increased GluTR content was preferentially distributed in the stroma relative to the membrane-bound fraction. Similarly, the lack of the ClpC1 protease subunit leads to an increased content of GluTR in the stroma in the light. In addition to GluTR, GSAT and GBP were analyzed for their amounts and distribution (Fig. 5A) . The amount of GSAT was stable in all analyzed mutants and exclusively found in the stromal fraction, while the relative distribution of GBP in the membrane and stroma fractions essentially followed the GluTR pattern.
In addition to the subplastidic distribution of GluTR, its stability over 72 h of darkness was compared in the wild type, gbp, GluTRÁHBD and clpC1 (Fig. 5B) . GluTR breakdown during prolonged dark periods was observed in the wild type and more extensively in gbp. In contrast, GluTR stability over 72 h of dark incubation was drastically increased in clpC1 and resembled GluTRÁHBD stability. Although it is not explicitly indicated, it is assumed that the enhanced accumulation of GluTR in the total extract of the lines cplC1 and DHBD can be assigned to increased GluTR content in the stroma due to less proteolytic activity and less accessibility to proteolysis, respectively. Here, we also point out that GBP content followed the GluTR content not only in light, but also during dark incubation. The GBP content increased in the lines cplC1 and DHBD (Fig. 5B) parallel to the GluTR content. In spite of the current view that GBP interacts at least at the HBD domain of GluTR, it can be assumed that accumulation of both GluTR and GBP can stabilize the respective interaction partner.
Discussion
We analyzed the subplastidic localization of Arabidopsis GluTR immediately following tissue homogenization and correlated the distribution of GluTR in membrane and stroma fractions to the ALA synthesis rate as a measure for GluTR in vivo activity. We applied here for the first time a direct separation of soluble and pellet fractions of young Arabidopsis leaves to preserve the intraorganellar allocation of GluTR. It became obvious that a quantitative assignment of GluTR to the membranebound and soluble part of protein extracts depended on this extraction procedure. First attempts to localize ALA-synthesizing activity from barley chloroplasts established that only the soluble plastid protein extract contains ALA synthesis enzymes, while the sole membrane fraction is inactive and lowers the soluble activity upon combination of both fractions . Subsequently, Pontoppidan and Kannangara (1994) succeeded in the partial purification of GluTR activity from the soluble protein fraction of intact chloroplasts. More recently, GluTR was also found to be partially associated with membrane-localized proteins, such as FLU and GBP (Meskauskiene et al. 2001 , Czarnecki et al. 2011a , Kauss et al. 2012 .
As antibodies for GluTR are available (see the Materials and Methods), its distribution between the membrane and stroma fractions was explored under photoperiodic conditions with different light intensities, under CL as well as during dark incubation. Different growth conditions caused different ratios of soluble and membrane-bound GluTR and resulted in different ALA-synthesizing activities (Fig. 1) . The total GluTR amount as well as the portion of stromal GluTR increased with light intensity (Fig. 1) . Enhanced GluTR contents in the stroma observed at higher light intensities correlated with elevated ALA synthesis rates. In contrast, membrane-attached GluTR prevailed compared with the stromal fraction in LD conditions and during darkness (Fig. 1A, C) . However, the amount of membrane-associated GluTR did not significantly influence ALA synthesis rates. Although it is currently not excluded that membrane-bound GluTR contributes to ALA synthesis, based on the positive correlation of stromal GluTR amounts with ALA synthesis we propose that the soluble fraction of GluTR is responsible for bulk GluTR activity. We also point to the rather dynamic accumulation of soluble GluTR during illumination. We observed a slight diurnal variation of soluble GluTR with a maximum in the middle of the light period (Fig. 1C) and developmental-and age-dependent distribution of GluTR with the tendency to lower GluTR content in the soluble fraction relative to the membrane-bound portion with age ( Fig. 2; Supplementary Fig. S1B ).
Differences in the ratio of soluble and membrane-bound wild-type GluTR content in Figs. 1A and 5A are explained by the different time points for the harvest of the samples. In Fig. 1A , samples were harvested in the first half of the light phase, while samples in Fig. 5 were collected at the end of the illumination period. In contrast to the varying distribution of GluTR, we could not recognize any correlation of GSAT localization in the chloroplasts with the synthesis of ALA since our analyses indicated similar levels and an exclusively stromal allocation of GSAT under all examined conditions (Figs. 1A,  3A, 5A ).
GluTR allocation is dependent on interacting proteins
The varying subcompartmental allocation in the stroma and membrane fraction and the activity of GluTR correspond to interactions with FLU and GBP. In particular, the analysis of gbp and flu mutants indicated that the distribution of GluTR is affected differently when these interacting proteins are missing (Figs. 4A, 5A ). The observed membrane association of GluTR is mainly caused by FLU interaction, since the lack of FLU greatly increases the stromal fraction of GluTR (Fig. 4A) . Interestingly, the enhanced content of stromal GluTR results in an elevated ALA-synthesizing activity (Goslings et al. 2004 ), but is detrimental to flu seedlings only upon re-exposure to light after a dark period, since the surplus of soluble GluTR remains active during the dark period (Meskauskiene et al. 2001 ). This remaining activity in the dark corresponds to the increased content of the soluble GluTR fraction that cannot be degraded sufficiently by proteases in darkness (Fig. 4A) and therefore results in continued synthesis of Pchlide (Fig. 4B) .
GBP and Clp protease subunits have been shown to interact with the HBD at the N-terminus of GluTR and apparently determine, via competitive binding, GluTR stability and degradation (Apitz et al. 2016) . The increased stability of GluTR in the clp mutant background emphasizes the need for proteolytic activity of the Clp complex for the regulation of the GluTR turnover. GluTR stability was similarly elevated when the Nterminal HBD was missing. In contrast, a lack of GBP enhanced the GluTR degradation, confirming the protective role of GBP for GluTR (Apitz et al. 2016) . This is observed in the light as well as after prolonged night phases (Fig. 5A, B) . It is suggested that the intraplastidic distribution of GBP in the analyzed mutants follows the allocation of GluTR itself.
This observation contradicts previous findings (Czarnecki et al. 2011a ) describing the GBP to be a mainly membraneassociated protein. However, these data were obtained using a rather time-consuming extraction procedure involving purification of chloroplasts. The method applied here is more rapid and direct, highly reproducible and hence indicative for the in vivo distribution of GluTR and GBP. Only a single GluTR preparation from soluble plant extracts was reported to succeed in a partial purification of stable enzyme activity. This GluTR activity was yielded from stromal extracts (Pontoppidan and Kannangara 1994) . The performance of the GluTR assay remains challenging as it requires glutamyl-tRNA Glu as substrate.
It has also been predicted that the species-specific tRNA isoforms most probably are required to demonstrate bona fide GluTR activity. No information is available, yet, as to whether any tRNA modifications are required for a selective distinction of aminoacylated glutamyl-tRNA for protein synthesis or TBS. Deduced from previous purification protocols (Pontoppidan and Kannangara 1994) and crystal structure analyses, GluTR is a soluble protein and active as a dimer (Zhao et al. 2014) . At the C-terminus, a FLU-binding domain as well as a dimerization domain are found (Zhao et al. 2014) , while the N-terminal side enables interaction with GBP and the Clp selector proteins and chaperone (Apitz et al. 2016 . X-ray crystallography also succeeded in unveiling a ternary complex of the GluTR dimer with dimeric GBP and the TPR domain of FLU (Zhang et al. 2015) . Both GluTR-interacting proteins bind at opposite ends of the Y-shaped GluTR dimer. It remains tempting to confirm the entire complex in planta which should be established at the membrane due to the integral membrane insertion of FLU. Kauss et al. (2012) suggested a FLU-mediated GluTR allocation to the membrane only during darkness. The drastically lower portion of GluTR in the membrane fraction of flu reflects the missing attachment to the membrane mediated by FLU (Fig. 4A) . As small quantities of membrane-associated GluTR still can be found in flu, it cannot be excluded that other mechanisms also participate in the allocation of GluTR to plastidial membranes.
In spite of these findings, several questions remain to be addressed in future studies. In a recent publication, complete GluTR localization to membranes was reported (Wang et al. 2016) . It was suggested that GluTR activity should be positioned close to the sites in the grana margins and neighboring stroma lamella, where recycling of photosystems and the integration of Chl into photosynthetic complexes take place. As GluTR is the first enzyme of up to 12 enzymatic steps for Chl synthesis, this hypothesis would imply a whole complex including all enzymes and regulatory factors for the supply of Chl. Since our quick preparation of plant proteins introduced here allowed a reproducible assignment of GluTR fractions to either soluble or membrane-associated subcompartments of the chloroplast, future purification strategies might allow the cofractionation of additional TBS enzymes.
The FLU-dependent inactivation of ALA synthesis was proposed to be triggered at the membrane through POR-bound Pchlide (Kauss et al. 2012) . A complex with FLU and GluTR was shown in the thylakoid membrane fraction of dark-exposed seedlings (Kauss et al. 2012 ). However, it remains open how FLU is prompted to inactivate GluTR by means of an initiating mechanism of accumulating PChlide. How is GluTR attracted by membrane-localized FLU? Is FLU, as a negative regulator, essential for the control of ALA synthesis, because the proteolytic capacity for soluble GluTR is not sufficient to diminish ALA synthesis in darkness?
Our results assign the ALA synthesis to one of the two dominant compartments of plastids, the stroma. However, at present, these data disregard the potential contribution of additional GluTR activity-enhancing or inactivating post-translational modifications. Redox-dependent ALA synthesis and stability of GluTR have been demonstrated (Richter et al. 2013) . The sole analysis of accumulating GluTR in SDS gels is the very first attempt to interpret the varying proportions of GluTR at subplastidic localizations and the dynamic interactions with proteins controlling the activity and stability of GluTR. Recently, we showed that interaction between the chaperone cpSRP43 and GluTR affects ALA synthesis by preventing aggregation of GluTR in chloroplasts. This post-translational coordination of GluTR activity revealed a novel function for cpSRP43 in TBS (Wang et al. 2018) . Additional modifications of GluTR by redox control (Richter et al. 2010 (Richter et al. , 2013 or complex formation await further elucidation.
Materials and Methods
Plant growth for Arabidopsis wild-type, mutant and transgenic lines The transgenic line ÁHBD was described in Apitz et al. (2016) . The clpC1 mutant was kindly provided by Professor Klaas J. van Wijk (Cornell University, USA).
ALA-synthesizing capacity
Leaf discs were incubated under growth conditions in 50 mM Tris-HCl buffer (pH 7.2) containing 40 mM levulinic acid for 3-4 h and subsequently homogenized in 1 ml of 20 mM K-phosphate buffer (pH 6.8). After centrifugation, 400 ml of supernatant were mixed with 100 ml of ethyl acetoacetate and boiled for 10 min. Finally, 500 ml of Ehrlich's reagent was added and ALA derivatives were quantified at = 553 nm following the protocol of Mauzerall and Granick (1956) .
Quantification of tetrapyrroles
Pchlide and Chl were extracted in alkaline acetone (9:1, 100% acetone:0.2 M NH 4 OH) and analyzed via HPLC as described (Czarnecki et al. 2011b ). Darkharvested leaf samples for Pchlide determination were fixed with steam over a biling water bath for 2 min prior to extraction to prevent subsequent photoconversion of Pchlide (Czarnecki et al. 2011b ).
Separation of soluble and membrane-bound Arabidopsis proteins, and immunoblot analyses
A 25 mg aliquot of leaf material was homogenized in a Retsch ball mill using steel beads and resuspended in 200 ml of phosphate-buffered saline (PBS; 20 mM sodium phosphate, 150 mM NaCl, pH 7.4). Then 100 ml of the suspension were immediately removed for analysis of total protein and frozen in liquid nitrogen. The remaining suspension was incubated on ice for 10 min to ensure complete lysis of chloroplasts. Stroma and membrane fractions were separated by centrifugation at 16,000Âg for 10 min. The supernatant containing soluble stromal proteins was transferred to a new tube and mixed with 100 ml of 4Â Laemmli buffer [120 mM Tris, pH 6.8, 4% SDS, 20% glycerol, 200 mM dithiothreitol (DTT), 0.02% bromophenol blue]. The pellet comprising membrane-associated proteins was resuspended in 500 ml of PBS, centrifuged again and dissolved in 200 ml of 2Â Laemmli buffer. Aliquots representing total proteins were mixed with 100 ml of 4Â Laemmli buffer. Following addition of Laemmli buffer, samples were incubated at 95 C for 5 min and centrifuged for 1 min at 16,000Âg at room temperature prior to SDS-PAGE analysis.
